The hippocampus is a key brain region for memory formation. Metabotropic glutamate type 5 receptors (mGlu 5 R) are strongly expressed in CA1 pyramidal neurons and fine-tune synaptic plasticity. Accordingly, mGlu 5 R pharmacological manipulation may represent an attractive therapeutic strategy to manage hippocampal-related neurological disorders. Here, by means of a membrane yeast two-hybrid screening, we identified contactin-associated protein 1 (Caspr1), a type I transmembrane protein member of the neurexin family, as a new mGlu 5 R partner. We report that mGlu 5 R and Caspr1 co-distribute and co-assemble both in heterologous expression systems and in rat brain. Furthermore, downregulation of Caspr1 in rat hippocampal primary cultures decreased mGlu 5 R-mediated signaling. Finally, silencing Caspr1 expression in the hippocampus impaired the impact of mGlu 5 R on spatial memory. Our results indicate that Caspr1 plays a pivotal role controlling mGlu 5 R function in hippocampus-dependent memory formation. Hence, this new protein-protein interaction may represent novel target for neurological disorders affecting hippocampal glutamatergic neurotransmission.
Introduction
The hippocampus is a brain area involved in memory formation, a process requiring the engagement of synaptic plasticity mechanisms (1), namely long-term potentiation and longterm depression. These mechanisms result in a modification of synaptic strength, and molecularly rely on an activity-dependent engagement of N-methyl-D-aspartate (NMDA) ionotropic glutamate receptors that regulate the density and channel conductance of 2-amino-3-hydroxy-5-methyl-isoxazole-4-propionate (AMPA) receptors at the plasma membrane of synapses, underlying synaptic changes (2) .
The fine tuning of synaptic plasticity is tightly controlled by protein-protein interactions (PPIs) of ionotropic glutamate receptors, impacting on their activation and trafficking. For instance, contactin-associated protein 1 (Caspr1), which enables the recruitment and activation of different intracellular signaling pathways in neurons (3), acts as an AMPA receptor auxiliary protein (4) . Caspr1, a transmembrane protein of the neurexin family (5), was initially described as a regulator of Na + and K + channels segregation at Ranvier nodes and at the juxtaparanodes of myelinated axons (6) . Further studies showed Caspr1 expression in glutamatergic synapses, and it has been proposed to potentially regulate glutamate-dependent long-term changes in synaptic efficacy (4) . On the other hand, NMDA receptor activity and trafficking are tightly controlled by metabotropic glutamate receptors (mGluR), namely mGlu 5 R (7, 8) . mGlu 5 R are abundantly expressed in the hippocampus (9) , and more particularly in excitatory synapses (10) , where they control synaptic plasticity, both long-term potentiation and long-term depression (11) . Accordingly, functional studies support a role of mGlu 5 R in the control of hippocampus-dependent learning and memory: global (12) or CA1-selective genetic deletion of mGlu 5 R (13) dampens memory performance, whereas positive allosteric modulators (PAMs) of mGlu 5 R enhance memory performance in hippocampus-dependent tasks (11, 14) . In addition to these observations supporting a critical role of hippocampal mGlu 5 R in spatial learning, mGlu 5 R play a role in different forms of memory, namely environmental enrichment of spatial memory performance (15) , hippocampus-dependent fear (16) , visual (17) and auditory memory (18) . Considerable efforts have been directed toward the identification of mGlu 5 R interacting partners. Thus, several PPIs have been identified, from which the interaction of mGlu 5 R with homer or calmodulin is the best characterized (19, 20) . Here, based on the initial identification of Caspr1-mGlu 5 R interaction in a membrane yeast two-hybrid (MYTH) screening, we characterized the physical interaction, co-distribution and functional role of Caspr1-mGlu 5 R interplay in memory formation. Overall, our findings identify Caspr1 as a novel molecular interactor of mGlu 5 R, with functional implications and potential therapeutic use for the treatment of neurological conditions.
Results

Caspr1, a novel partner for the mGlu 5 R
Proteomic and genomic experimental approaches have highlighted the ability of mGlu 5 R to engage in PPI with several partners (21) . In particular, the exploitation of the classical yeast two-hybrid (YTH) system revealed the existence of multiple PPIs along the mGlu 5 R C-terminal tail (22) . However, the classical YTH system suffers from a major drawback, namely its limitation to use only soluble (i.e. non-membrane attached) baits. Therefore, we optimized a MYTH system using the full-length mGlu 5 R protein as a bait to find new interacting partners. To this end, we generated an mGlu 5 R bait amenable for the MYTH system (Fig. 1A) , as previously described for other G protein-coupled receptors (GPCRs) (23) . The correct expression of mGlu 5 R-Cub-TF bait in yeasts was validated by immunoblot, showing the presence of a protein band of ∼165 kDa corresponding to mGlu 5 R-Cub-TF fusion protein in yeast membrane extracts (Fig. 1B) . We then tested whether the co-expression of mGlu 5 RCub-TF with Ost1p (an endoplasmic reticulum non-interacting yeast protein) or with Fur4 (a plasma membrane non-interacting yeast protein), fused to the NubI or NubG domains, activated the yeast gene reporter system (24) . As predicted, while mGlu 5 RCub-TF and Ost1-NubG co-expression did not grant yeast growing in His − /lacZ − plates, mGlu 5 R-Cub-TF and NubI coexpression resulted in ubiquitin reconstitution and yeast reporter system activation (Fig. 1C) . These results indicated the lack of mGlu 5 R-Cub-TF bait self-activation and validated our split-ubiquitin MYTH approach. Subsequently, we performed a MYTH library screening, which allowed identifying numerous potential mGlu 5 R partners (Table 1) . Among these potential positive interactors, previously reported mGlu 5 R partners (e.g. homer and calmodulin) were detected (20, 25) , thus validating the split-ubiquitin MYTH approach.
Since mGlu 5 R critically control neuronal functioning (e.g. recruitment and activation of intracellular signaling pathways (3)), we hypothesized that Caspr1-mGlu 5 R could represent a novel module controlling neuronal function. Therefore, we next attempted to validate mGlu 5 R interaction with Caspr1. To this end, we performed the bait dependency test, whereby either mGlu 5 R-Cub-TF or CD4-Cub-TF (control transmembrane protein) was co-expressed with Caspr1-NubG in yeast. Importantly, the reconstitution of ubiquitin and transcription of the reporter gene (i.e. lacZ) only occurred for the mGlu 5 RCaspr1 pair (Fig. 1D) , thus demonstrating the specificity of the interaction. Overall, the split-ubiquitin MYTH screening revealed the existence of a novel direct PPI between mGlu 5 R and Caspr1 in yeast.
mGlu 5 R and Caspr1 interact in mammalian cells
Initial steps toward validating PPIs require showing its occurrence in heterologous expression systems. Thus, we next aimed to validate the mGlu 5 R-Caspr1 PPI in human embryonic kidney (HEK)-293 T cells transiently co-expressing both proteins. PPI was evaluated using three different experimental approaches, namely imaging their co-distribution, showing their coimmunoprecipitation and showing their physical proximity with bioluminescence energy transfer (BRET) experiments. First, we transiently transfected HEK-293 T cells with mGlu 5 R SNAP and/or Caspr1 YFP and the subcellular distribution was assessed by means of confocal microscopy, which revealed a marked overlapping localization of both proteins at the plasma membrane ( Fig. 2A) were analyzed by IB using a rabbit anti-mGlu 5 R antibody (1 μg/mL). (C) NubG/NubI MYTH control test. In this test, the mGlu 5 R-Cub-TF bait and a non-interacting endoplasmic reticulum (Ost1) or a plasma membrane protein (Fur4) yeast protein, fused to either NubI (Ost1-NubI or Fur4-NubI) or NubG (OstI-NubG or Fur4-NubG), were co-expressed in yeast MYTH-reporter cells. Then, they were grown on minimal SD medium lacking Trp, Leu, Ade and His (SD-WLAH) selected for interaction between bait and prey. Co-expression of GPCR-Cub-TF bait with OstI or Fur4 fused to NubI leads to activation of the reporter system and consequent growth on SD-WLAH medium, since the wild-type NubI leads to reconstitution of ubiquitin independent of a bait-prey interaction, demonstrating that the bait protein is expressed/correctly folded.
Co-expression of mGlu 5 R-Cub-TF bait and non-interacting OstI or Fur4 fused to NubG (which does not spontaneously associate with Cub) does not lead to activation of the reporter system and growth on SD-WLAH medium, demonstrating that the bait is not self-activating. (D) Bait MYTH dependency test. In this test, the mGlu 5 -Cub-TF bait or a CD4-Cub-TF bait (control transmembrane protein) was co-transfected with the Caspr1-NubG in yeast. Reconstitution of ubiquitin upon bait and prey interaction demonstrated the specificity of the interaction mGlu 5 R-Caspr1.
of Caspr1 YFP showed a bell-shaped BRET saturation curve, indicating the formation of mGlu 5 R-Caspr1 complexes (Fig. 2C) . Importantly, under the same experimental conditions, when using the CD4 YFP as the acceptor molecule in the BRET process, a BRET positive signal was not observed. Overall, these three independent experimental approaches strongly supported the formation of mGlu 5 R-Caspr1 complexes in mammalian cells.
mGlu 5 receptor and Caspr1 co-assemble in the adult rat hippocampus
Upon validation of the mGlu 5 R-Caspr1 PPI in HEK-293 T heterologous expression system, we aimed to evaluate its existence in native tissue. Using a combination of immunolabeling techniques (i.e. immunohistoblot, immunohistochemistry and immunogold detection) and co-immunoprecipitation experiments, we evaluated the putative co-distribution and physical interaction of mGlu 5 R-Caspr1 in the rat brain. First, we evaluated the mGlu 5 R-Caspr1 co-distribution in horizontal sections from rat brain, which showed that both proteins are widely distributed throughout the brain, with a prominent overlapping expression pattern in the hippocampus (Fig. 3A) . Indeed, the quantification of mGlu 5 R and Caspr1 immunosignal in different brain regions
showed that the hippocampus is the brain region where Caspr1 and mGlu 5 R co-distribution was more evident (Fig. 3B) . Further immunohistochemical detection of mGlu 5 R and Caspr1 in hippocampal brain areas showed a major Caspr1 and mGlu 5 R co-distribution in dendritic layers of both the CA1 and dentate gyrus regions (Fig. 4A ). Subsequently, we aimed to detail the subcellular co-localization of mGlu 5 R and Caspr1 using highresolution immunoelectron microscopy. First, pre-embedding immunogold detection of Caspr1 in the hippocampus showed a predominant plasma membrane-associated distribution close to synaptic sites as well as at extrasynaptic sites in dendritic spines of pyramidal cells (Fig. 4B) . Next, post-embedding immunogold detection of mGlu 5 R and Caspr1 revealed that both proteins co-clustered postsynaptically in dendritic spines both at the edge of excitatory synapses and along the extrasynaptic plasma membrane (Fig. 4C) . Finally, we assessed the physical interaction of these two proteins in hippocampal synaptosomes by means of co-immunoprecipitation experiments. The anti-Caspr1 antibody co-immunoprecipitated a protein with a molecular weight of 
Functional consequences of mGlu 5 R-Caspr1 interaction in primary hippocampal neurons
Caspr1 was initially proposed as the signaling subunit of contactin, fine-tuning the recruitment and activation of (B) Histoblots were scanned and densitometric measurements from six independent experiments were averaged to compare the mGlu 5 R and Caspr1 protein densities.
Since the densities were maximal in CA1, normalization was performed assigning it the 100%. Results are expressed as mean ± SEM. Abbreviations: Cb, cerebellum; Ct, cortex; Hp, hippocampus. hippocampus using a goat anti-mGlu 5 R antibody (3 μg/mL) and a mouse anti-Caspr1 antibody (3 μg/mL). Abbreviations: molecular layer, ml; stratum oriens, so; stratum pyramidale, sp; stratum radiatum,sr; granular cell layer, gcl; hilus, h. Scale bars: 100 μm. (B) Pre-embedding immunogold detection of Caspr1 in the hippocampus. Electron micrograph showing immunoparticles for Caspr1 in the rat hippocampus (CA1) using the pre-embedding immunogold-silver technique. Caspr1 immunoparticles were mostly found associated to membranes from intracellular compartments and at the cell surface. intracellular signaling pathways in neurons (3). Since PPIs often bear particular functional consequences, we assessed whether Caspr1 expression is functionally associated with mGlu 5 R signaling in the hippocampus. To this end, we silenced Caspr1 in rat primary hippocampal neurons, through a lentiviral Caspr1-shRNA-mediated knockdown strategy. Lentiviral infection of hippocampal neurons was confirmed by green fluorescent protein (GFP) expression ( Fig. 5A ) and Caspr1 downregulation was assessed by immunoblot analysis (Fig. 5B) . Thus, Caspr1 expression was significantly reduced (72 ± 2%; P-value = 0.0001) in lentiviral Caspr1-shRNA infected hippocampal neurons (Fig. 5C ). Importantly, no significant reduction of mGlu 5 R expression was observed in lentiviral Caspr1-shRNA infected hippocampal neurons (Fig. 5C ). Interestingly, Caspr1 knockdown resulted in a significant reduction (37 ± 8%; P-value = 0.0001) of mGlu 5 R agonist-mediated calcium accumulation in infected hippocampal neurons, compared to cultures infected with control lentivirus (Fig. 5D and E) . Overall, these results indicate that Caspr1 expression is functionally associated with mGlu 5 Rmediated signaling in primary hippocampal neurons.
Effects of Caspr1 downregulation on mGlu 5 R functioning in vivo
Since the mGlu 5 R play a key role in hippocampus-dependent learning and memory (11, 12) , we evaluated the impact of Caspr1 knockdown in hippocampal mGlu 5 R-mediated spatial learning and memory formation. To this end, we produced AAVrh10-shCaspr1-GFP viral particles, harboring an shRNA sequence selectively neutralizing Caspr1 (shCaspr1) together with GFP, for monitoring viral infection. The AAVrh10-shCaspr1 viral particles were stereotaxically delivered into the hippocampus and Caspr1 density was assessed in CA1 and DG regions, where mGlu 5 Rs are most densely located (Fig. 6A ). Immunohistochemical detection of Caspr1 in coronal brain slices obtained 4 weeks after AAVrh10-shCaspr1 infusion showed a significant reduction of Caspr1 immunoreactivity in CA1 and DG hippocampal regions (Fig. 6B ).
Immunoblot analysis of Caspr1 density in CA1 and DG extracts showed a significant reduction (64 ± 11%; P-value = 0.0012) of Caspr1 density in mice injected with AAVrh10-shCaspr1 ( Fig. 6C ), compared to CA1 and DG extracts from mice infected with control viral particles (Fig. 6D) . Importantly, no significant reduction of hippocampal mGlu 5 R expression was observed in AAVrh10-shCaspr1 infected mice (Fig. 6D) . Overall, these results demonstrated the feasibility of knocking down hippocampal Caspr1 in adult mice to study its putative behavioral impact. Hence, we tested whether AAVrh10-shCaspr1-mediated Caspr1 downregulation in the hippocampus might affect spatial learning and memory formation, two well-established functions associated with hippocampal mGlu 5 R activity. We first evaluated the impact of Caspr1 knockdown in spatial learning using the eight-arm radial maze by scoring working and reference memory errors. Notably, mice injected with the AAVrh10-shCaspr1 showed a significant impairment of reference memory performance compared to vehicle and to scrambled sequence injected mice (Fig. 7, left panel) . Thus, while on days 1-5 of training no significant differences were observed, at day 6, 7 and 8, the number of reference memory errors was significantly higher (P-value = 0.0424, P-value = 0.0041 and P-value = 0.0261, respectively) (Fig. 7, left panel) . In the last day of training (day 9) animals showed similar reference memory errors. Administration of AAVrh10-shCaspr1 also caused a significant impairment of working memory performance compared to AAVrh10-shScramble injected animals (Fig. 7,  right panel) . Again, while on days 1-5 of training no significant differences of working memory errors were observed, at day 6, 7, 8 and 9 animals with down regulated Caspr1 made a significantly higher number of working memory errors (P-value = 0244, P-value = 0.0052, P-value = 0.0237 and P-value = 0.005, respectively) (Fig. 7, right panel) . Since a reduced Fixed brains from AAVrh10-shScramble and AAVrh10-shCaspr1-infected hippocampus were processed for immunohistochemistry using a rabbit anti-mGlu 5 R antibody (3 μg/mL) and a mouse anti-Caspr1 antibody (3 μg/mL). AAVrh10-mediated GFP expression was observed by direct GFP fluorescence visualization. Abbreviations: dentate gyrus, DG; molecular layer,ml; stratum oriens,so; stratum pyramidale, sp; stratum radiatum, sr; granular cell layer, gcl; hilus, h. Scale bars: 100 μm. (C) Immunoblot detection of Caspr1 and mGlu 5 R in shCaspr1-and shScrambleinfected hippocampus. Hippocampal extracts from AAVrh10-shScramble-infected (lane 1) and AAVrh10-shCaspr1-infected (lane 2) mice were immunoblotted using a rabbit anti-mGlu 5 R antibody (1 μg/mL), mouse anti-Caspr1 antibody (1 μg/mL), rabbit anti-α-actinin antibody (1 μg/mL) and mouse anti-GFP antibody (1 μg/mL). (D)
Quantification of Caspr1 and mGlu 5 R expression. The protein bands shown in (C) immunoblots were quantified by densitometric scanning. Values were normalized using the amount of α-actinin in each lane to correct for protein loading. Results are expressed as percentage (mean ± SEM) of control condition (i.e. shScramble) from four independent experiments. Ns: not significant, ** P-value < 0.01, Student t-test. learning performance could result from an altered locomotion, we also tested whether AAVrh10-shCaspr1-mediated Caspr1 knockdown had any effect on locomotor activity. However, the evaluation of spontaneous locomotion activity in the open field test showed no differences between AAVrh10-shCaspr1 and AAVrh10-shScramble administered animals (Fig. 8A) . Overall, these results indicate that hippocampal shCaspr1-mediated Caspr1 knockdown impacts working and reference memory performance, likely indicating a direct effect of Caspr1 on memory processing.
Interestingly, a similar impairment of working and reference memory was also observed upon pharmacological or genetic mGlu 5 R blockade in mice (12, 26) . Therefore, we posited that mGlu 5 R-dependent learning and memory might depend on Caspr1 expression. To test this hypothesis, we explored the impact of AAVrh10-shCaspr1-mediated Caspr1 knockdown in mGlu 5 R regulation of recognition memory, another form of hippocampus-dependent learning (27) regulated by mGlu 5 R (14). We took advantage of the ability of mGlu 5 R PAMs to potentiate spatial memory performance (28) and enhance spatial learning (11) , which are tightly related with object recognition (29) . Thus, we used VU0409551, an mGlu 5 R PAM that dose-dependently enhances recognition memory in rats (30) , to test the effect of Caspr1 downregulation in mGlu 5 R-mediated hippocampusdependent memory function by means of the novel object recognition (NOR) test (Fig. 8B) . Two-way analysis of variance (ANOVA) analysis showed no effect of VU0409551 treatment [F (1,24) = 1.84, P-value = 0.1876], no effect of Caspr1 knockdown [F (1,24) = 2.608, P-value = 0.1194], together with an effect of the interaction between both factors [F (1,24) = 6.817, P-value = 0.0153]. Thus, Bonferroni's post-hoc analysis showed a significant increase (P-value = 0.0196) in the recognition index of control animals (i.e. AAVrh10-shRluc infected) that were treated with VU0409551 (10 mg/kg) (Fig. 8B) , as previously demonstrated in rats (30) . Importantly, Caspr1 knockdown abolished the VU0409551-mediated enhancement of recognition memory (Fig. 8B) . On the other hand, when the total exploratory time in the NOR test was evaluated (Fig. 8C) , the two-way ANOVA analysis revealed no effect of VU0409551 treatment [F (1,24) = 6.384 × 10 −5 , P-value = 0.9937], but an effect of Caspr1 knockdown [F (1, 24) = 27.27, P-value < 0.0001] and no effect of the interaction between both factors [F (1, 24) = 0.7334, P-value = 0.7891]. In addition, the Bonferroni's post-hoc analysis showed a significant reduction (P < 0.01) in the total exploration time of Caspr1 knockdown Figure 7 . Impact of Caspr1 knockdown in reference memory performance. Evaluation of reference and working memory. Mice received bilateral injections of AAVrh10-shCaspr1 or of AAVrh10-shScramble in the hippocampus before reference (left panel) and working (right panel) memory errors were evaluated in the eight-arm radial maze task during 9-consecutive-day trials. Results are expressed as mean ± SEM (n = 6-7 animals). * P-value < 0.05, ** P-value < 0.01, Student t-test.
animals (Fig. 8C) . Finally, no effect of either VU0409551 treatment or Caspr1 knockdown in spontaneous locomotor activity was observed (Fig. 8A) , thus discarding that the altered recognition memory could result from locomotor alterations. Overall, these results revealed not only the need of Caspr1 for the hippocampal mGlu 5 R-dependent cognitive function but also the importance of Caspr1 for recognition memory.
Discussion
In the present study, we report a new mGlu 5 R interactor, namely Caspr1 or Neurexin-4, resulting from, to our knowledge, the first-time completion of a MYTH system screening in a human brain complementary DNA (cDNA) library using the full-length mGlu 5 R. This mGlu 5 R-Caspr1 PPI was first validated in heterologous expression systems and in native tissue (i.e. hippocampus). Then, we determined the functional consequences of this PPI interaction, which revealed the need of Caspr1 expression for the adequate mGlu 5 R-mediated signaling in hippocampal neurons as well as for the modulation of hippocampus-dependent memory in mice.
Caspr1 is an axonal constituent of the axo-glial adhesion zone playing a key role in paranodal junction formation (31) . Previous immunocytochemical studies using hippocampal slices and neuronal cultures demonstrated a localization of Caspr1 throughout dendrites and glutamatergic synapses, as identified by coincident staining of Caspr1 with MAP-2, a well-known marker dendritic shafts, and PSD95, widely used as a marker of excitatory synapses, while no co-distribution was shown with synaptophysin-and Vesicular Glutamate Transporter (VGLUT)-positive axon terminals (4, 32) . Previous biochemical and proteomic analysis of purified postsynaptic densities further revealed the enrichment of Caspr1 in the postsynaptic density (4, 33) . Accordingly, in addition to demonstrating the physical interaction between mGlu 5 R and Caspr1 in the hippocampus, our work also shows the specific convergence of Caspr1 and mGlu 5 R at the postsynaptic site of glutamatergic CA1 synapses. Our immunogold-based studies revealed the ultrastructural distribution of Caspr1 throughout hippocampal pyramidal cells and showed the preferential association of Caspr1 with dendritic spines, particularly in association with glutamatergic synapses, where the co-localization with mGlu 5 R mostly occurred. Thus, the specific perisynaptic Caspr1 location overlapping postsynaptic mGlu 5 Rs might likely contribute to receptor anchoring at this location (10) . Interestingly, the cytoplasmic tail of Caspr1 contains a glycophorin-like binding site that could link Caspr1 to the actin cytoskeleton, as well as a proline-rich sequence that can associate Caspr1 with SH3 domain-containing proteins. Also, these Caspr1 complexes may contain Fyn (34) , an Src family kinase that plays a role in synaptic plasticity and learning (35) . Furthermore, it can also be speculated that Caspr1 might participate in establishing and maintaining trans-neural contacts between glial cells and pyramidal neurons or between neurons, thus allocating mGlu 5 R at these adhesive contacts. Indeed, a contactin-mediated interaction with glial RPTPβ/phosphacan promoting adhesive interactions has been postulated (32); however, this contention will require further validation. Interestingly, alterations in the human genes encoding neurexins have been implicated in autism and other cognitive diseases, thus linking synaptic cell adhesion to cognition and its disorders (36) .
The presence of Caspr1 in glutamatergic synapses and its interaction with mGlu 5 R further extends the suggested novel postsynaptic function for Caspr1 regulating glutamate neurotransmission. One of the major findings of the present work consists of revealing the key role of Caspr1 in learning and memory. This was concluded from the observed deterioration of performance in the behavioral tests probing reference and working memory of rats with a genetic downregulation of Caspr1 in the hippocampus. Notably, this local transient knockdown of Caspr1 delayed rather than abolished the performance in two memory tests, suggesting a predominant role for Caspr1 in the acquisition and/or consolidation of learning. Interestingly, this delay can be overcome with continuous training, which was more evident in the case of reference memory. Further testing of mGlu 5 R modulation of memory performance showed that the selective knockdown of Caspr1 in the adult hippocampus was more effective abolishing the ability of an mGlu 5 R PAM to bolster memory performance. Together with the previously gathered biochemical evidence, this prompts the importance of the mGlu 5 R-Caspr1 PPI on the control of memory performance. It is well established that the impact of mGlu 5 R on memory performance, since mGlu 5 R knockout globally (12) or selectively in the hippocampus (13) , dampens reference spatial memory performance. Conversely, PAMs of mGlu 5 R bolster spatial reference memory (11, 14) and prevent the deterioration of memory performance in animal models of Alzheimer's disease (37, 38) . However, although mGlu 5 R are mostly and abundantly located at the hippocampus (10), they are also located at other brain regions (9) . Accordingly, mGlu 5 R also control other behavioral outputs apart from hippocampus-dependent memory, such as addictive behavior (39) , motor coordination (40), fear and anxiety (41) and mood/depression (42) . Nevertheless, it seems likely, based on the presently observed particular co-distribution of mGlu 5 R and Caspr1 in the hippocampus, that this PPI plays a major role controlling hippocampus-dependent memory. This paves the way to consider designing novel PAMs to target this mGlu 5 RCaspr1 receptorsome complex to selectively manipulate memory performance, while limiting possible side effects resulting from a general mGlu 5 R activation (43) .
In conclusion, our data support a model in which mGlu 5 R and Caspr1 undergo a PPI in dendrites of hippocampal neurons and Caspr1 is required to sustain an adequate signaling of mGlu 5 R, which, if lacking, results in a deterioration of hippocampusdependent memory performance. The time exploring a novel object (novel object preference) was quantified during a 5-min session and then expressed as percentage of the total time exploring objects (B). The total time exploring objects was also quantified (C). Results are expressed as mean ± SEM (n = 7 animals). The asterisks denote significant differences: *P-value < 0.05 and **P-value < 0.01, two-way ANOVA with Bonferroni's post-hoc test.
Materials and Methods
Plasmids
The rat mGlu 5 R in pRK5 (a gift from Jean-Philippe Pin, CNRS, Montpellier, France) was subcloned flanked by NcoI/HindII sites in pTMBV to be used as bait in the MYTH assay. The rat mGlu 5 R was tagged at its N-terminal tail with the O6-alkylguanine-DNA alkyltransferase (AGT) to allow cell surface staining with fluorescent AGT substrates (i.e. SNAP tag) (44) . To this end, we first introduced an MluI restriction site at 5 of rat mGlu 5 R cDNA cloned in pRK5 using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies Inc., Santa Clara, CA, USA) and the following primers: FM5MLU1 (5 -GCACAGTCCAGTGAGACGCGTGTGGTGGCTCACA TG-3 ) and RM5MLU1 (5 -GCATGTGAGCCACCACACGCGTCTC ACTGGACTGTG-3 ). Subsequently, the cDNA encoding the AGT was amplified by polymerase chain reaction from the vector pRK-D 2 R SNAP (45) using the primers: FSNAPMLU1
(5 -CGCGACGCGTGACAAAGACTGCGAAATGAAGCGCACC-3 ) and RSNAPMLU1 (5 -CGCGACGCGTGCCCAGCCCAGGCTTGCCCAGT CTGTGGCCC-3 ). The amplified AGT insert was then cloned into the 5 MluI site of pRK-mGlu 5 R, thus providing the pRK-mGlu 5 R SNAP . The rat mGlu 5 R construct containing the Renilla luciferase (Rluc) (i.e. mGlu 5 R Rluc ) was described previously (46) . The Caspr1 GFP was described previously (4).
The cDNA encoding the Caspr1 was amplified using the primers: FCASPRECO (5 -GTGAATTCGAATGATGAGTCTCCG GCTTTTC-3 ) and RCASPRSAL (5 -AAGTCGACTATTCAGACCT GGACTCCTCCAA-3 ) and cloned into the pEYFP-N1 (Clontech, Mountain View, CA, USA) EcoRI/SalI sites to generate the Caspr YFP .
All the constructs were verified by DNA sequencing. 
Reagents
MYTH
The modified split-ubiquitin MYTH approach was used to identify full-length mGlu 5 R interactors (24, 47) . In brief, the mGlu 5 R tagged with the yeast mating factor α at the N-terminus and with the C-terminal split ubiquitin (C ub ) containing the LexA/VP16 transcription factor at the C-terminus (Fig. 1A) was used as MYTH bait (47) . Bait fusion proteins were tested for lack of selfactivation using the NubG/NubI test with two non-interacting prey control proteins, namely the ER protein Ost1 and the plasma membrane protein, Fur4 (47,48) (Fig. 1C) . Screening of the mGlu 5 R bait was performed against a C-terminally NubG-tagged human fetal brain cDNA library (Prey), which was kindly provided by Prof. Igor Stagjlar (Department of Biochemistry, University of Toronto, Toronto, ON, Canada). Positive interactions were identified by spotting yeast colonies onto selective plates lacking adenine, histidine, leucine and tryptophan and also containing X-gal (-WLAH plates), as previously described (47) . Blue colonies, indicative of putative interactome preys, were used to inoculate overnight liquid cultures (SD-W) and plasmid DNA extracted. Plasmid DNA was used to transform Escherichia coli, DH5alpha strain for amplification and further sequencing. Finally, bait dependency test was performed, thus preys of interest (Table 1) were tested for promiscuity by use of a non-interacting bait protein (Fig. 1D) . The baits and preys were transformed (49) into the yeast reporter strain Saccharomyces cerevisiae AP4.
Cell culture, transfection and SNAP labelling
HEK-293 T cells (American Type Tissue Culture, Manassas, VA, USA) were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich) supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL streptomycin, 100 mg/mL penicillin and 5% (v/v) fetal bovine serum at 37 • C and in an atmosphere of 5% CO 2 . Cells were passaged at a 80-90% confluency. HEK-293 T cells growing on 18 mm diameter glass coverslips were transiently transfected with mGlu 5 R SNAP , Caspr1 YFP or mGlu 5 R SNAP plus Caspr1 YFP , using the polyethylenimine method (50) . After 48 h of transfection, cells were rapidly washed in phosphate-buffered saline (PBS; 10 mM H 3 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4) and stained with SNAP-Cell TMR-Star (3 μM) in supplemented DMEM for 5 min at 37 • C, 5% CO 2 . Cells were washed twice in PBS, fixed with 1% paraformaldehyde for 10 min and then mounted in glass slides with Vectashield immunofluorescence medium (Vector Laboratories, Peterborough, UK).
Fluorescence images of cells excited at 510 nm (YFP) and 550 nm (SNAP-Cell TMR-Star) were captured using a Leica TCS 4D confocal scanning laser microscope (Leica Lasertechnik GmbH, Heidelberg, Germany).
BRET
BRET saturation experiments were performed as previously described (51 
Animals
Sprague Dawley rats (Charles River, Saint-Germain-sur-l'Arbresle, France) with 5 weeks of age and C57Bl6 mice (animal facility of University of Barcelona) with 5 weeks of age were used. The University of Barcelona Committee on Animal Use and Care approved the protocols. Animals were housed and tested in compliance with the guidelines described in the Guide for the Care and Use of Laboratory Animals (52) and following the European Union directives (2010/63/EU). All efforts were made to minimize animal suffering and the number of animals used. Animals were housed in groups of two (i.e. rats) or five (i.e. mice) in standard cages with ad-libitum access to food and water and maintained under controlled standard conditions (12 h dark/light cycle starting at 7:30 AM, 22 • C temperature and 66% humidity). Before starting the radial arm maze test, mice were housed individually to control food access (food restricted to 1.5 gr food pellets and 0.3 gr of Choco-Krispies per day) until mouse body weight was reduced to 85%, normally over the course of 7-10 days. Behavioral testing was performed in mice 3 weeks after bilateral stereotaxic administration of the corresponding adeno-associated virus (AAV) in the hippocampus. In brief, the AAVrh10 (2 μL at 6-8 × 10 12 gc/mL) was stereotaxically delivered at an infusion rate of 0.2 μL/min in the following coordinates: anteroposterior, −1.7 mm; lateral, ± 0.7 mm; and ventral, −2.3 for DG and −1.7 mm for CA1 (Fig. 5A) . The AAVrh injection site was verified by GFP fluorescence detection in slices from fixed brains (see below).
Co-immunoprecipitation, gel electrophoresis and immunoblotting
Total membrane extracts from transiently transfected HEK-293 T cell and synaptosomes from the rat hippocampus were prepared as previously described (53, 54) . Protein concentration was determined using the BCA protein assay kit (Thermo Fisher Scientific, Inc., Rockford, IL, USA). Co-immunoprecipitation experiments were performed as previously described (55) . In brief, membrane extracts from either cells or hippocampal synaptosomes were solubilized in ice-cold radioimmunoassay (RIPA) buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS), pH 8.0) for 30 min on ice and processed as previously described (55) . The mouse anti-Caspr1 polyclonal antibody (3 μg/mL), rabbit anti-mGlu 5 R antibody (3 μg/mL) and the control rabbit anti-IgG (3 μg/mL) or mouse antiIgG (3 μg/mL) were used. Immunoprecipitates were analyzed by SDS-polyacrylamide gel electrophoresis (SDS/PAGE) using 7% polyacrylamide gels. Separated proteins were transferred to polyvinylidene difluoride membranes using a semi-dry transfer system (Bio-Rad, Hercules, CA, USA), immunoblotted with the indicated antibody and then with the HRP-conjugated corresponding secondary antibody. The immunoreactive bands were developed using a chemiluminescent detection kit (Thermo Fisher Scientific, Waltham, MA, USA) and detected with an Amersham Imager 600 (GE Healthcare Europe GmbH, Barcelona, Spain) (55) .
Immunohistoblotting
The regional distribution of mGlu 5 R and Caspr1 was evaluated in the rat brain by immunohistoblotting (56) . Briefly, horizontal cryostat sections (25 μm) were placed on nitrocellulose membranes 0.45 μm (GE Healthcare Life Sciences, Little Chalfont, UK) moistened with 48 mM Tris-base, 39 mM glycine, 2% (w/v) SDS and 20% (v/v) methanol for 15 min at 20 • C. After blocking with 5% (w/v) non-fat dry milk in PBS, the nitrocellulose membranes were treated with deoxyribonuclease I from bovine pancreas (DNase I, 5 U/mL, Sigma-Aldrich) for 20 min at 37 • C. Subsequently, the membranes were washed with PBS and incubated with 2% (w/v) SDS, 100 mM β-mercaptoethanol in 100 mM Tris-HCl (pH 7.0) for 60 min at 45 • C to remove adhering tissue debris. After extensive washing with PBS, the membranes were incubated overnight at 4 • C with goat anti-mGlu 5 R (5 μg/mL) or mouse antiCaspr1 antibodies (5 μg/mL) in blocking solution. The bound primary antibodies were detected with alkaline phosphataseconjugated secondary antibodies. All nitrocellulose membranes were processed in parallel, using the same incubation times and antibody/reagent concentrations. Digital images were acquired with a Stereo Lumar.v12.
Immunohistochemistry
For immunohistochemistry, animals were perfused intracardially with 4% paraformaldehyde in PBS and brains were postfixed for 2 h in the same fixative. Next, coronal sections (50 μm) were obtained and washed three times with PBS, permeabilized with 0.5% Triton X-100 in PBS for 2 h and rinsed again three times with washing solution (0.05% Triton X-100 in PBS). The slices were then incubated with washing solution containing 10% normal donkey serum (NDS; Jackson ImmunoResearch Laboratories Inc.) for 2 h at room temperature. Subsequently, slices were incubated with rabbit anti-Caspr1 (3 μg/mL) plus goat anti-mGlu 5 R (3 μg/mL) in washing solution containing 10% NDS for 48 h at 4 • C. Slices were then washed with washing solution containing 1% NDS before the incubation with Cy3-conjugated donkey anti-rabbit IgG antibody (1/200) and Cy2-conjugated donkey anti-goat IgG antibody (1/200) in washing solution for 2 h at 22 • C. Finally, slices were washed twice in washing solution containing 1% NDS and then mounted in glass slides with Vectashield immunofluorescence medium. Fluorescence images were captured using a Leica TCS 4D confocal scanning laser microscope.
Immunoelectron microscopy
Pre-embedding immunogold technique
Immunohistochemical reactions for electron microscopy were carried out using the pre-embedding immunogold method described previously (10) . Briefly, free-floating sections were incubated in 10% (v/v) normal goat serum (NGS) diluted in Tris-buffered saline (TBS, 50 mM Tris-Cl, 150 mM NaCl, pH 7.5). Sections were then incubated with mouse anti-Caspr1 (3 μg/mL diluted in TBS containing 1% (v/v) NGS), followed by incubation in goat anti-mouse IgG coupled to 1.4 nm gold (Nanoprobes Inc., Stony Brook, NY, USA). Sections were post-fixed in 1% (v/v) glutaraldehyde and washed in double-distilled water, followed by silver enhancement of the gold particles with an HQ Silver kit (Nanoprobes Inc.). Sections were then treated with osmium tetraoxide (1% in 0.1 M phosphate buffer), block-stained with uranyl acetate, dehydrated in graded series of ethanol and flat-embedded on glass slides in Durcupan (Fluka, Sigma-Aldrich) resin. Regions of interest were cut at 70-90 nm on an ultramicrotome (Reichert Ultracut E, Leica, Austria) and collected on single slot pioloformcoated copper grids. Staining was performed on drops of 1% aqueous uranyl acetate followed by Reynolds's lead citrate. Ultrastructural analysis was performed in a Jeol-1010 electron microscope.
Post-embedding immunogold technique.
To study the spatial relationship between mGlu 5 R and Caspr1 we used doublelabeling post-embedding immunogold techniques, as previously described (57) . Briefly, ultrathin sections 80 nm thick from Lowicryl-embedded blocks containing the hippocampus were picked up on coated nickel grids and incubated on drops of a blocking solution consisting of TBS containing 0.03% Triton X-100 (TBS-T) and 2% human serum albumin (TBS-TH). The grids were incubated with a mixture of rabbit anti-mGlu 5 R and mouse anti-Caspr1 (10 μg/mL in TBS-TH) at 28 • C overnight. The grids were incubated on drops of goat anti-mouse IgG or goat anti-rabbit IgG conjugated to 10 nm and 20 nm colloidal gold particles, respectively (BBI Solutions, Cardiff, UK), in TBS-TH containing 0.5% polyethylene glycol. The grids were then washed in TBS and counterstained for electron microscopy with saturated aqueous uranyl acetate followed by lead citrate. Ultrastructural analyses were performed in a Jeol-1010 electron microscope. Randomly selected areas were then photographed from the selected ultrathin sections at a final magnification of 50 000×.
Lentivirus and AAV production
For in vitro silencing Caspr1 we generated lentiviral particles. To construct lentiviral vectors encoding shRNA-Caspr1, the complementary pair of oligonucleotides targeting both rat and mouse Caspr1 mRNA (NM_032061, nt 2254-2273: 5 -GAACAGCATTTCTACTGGG-3 ) (4) was annealed and ligated into the short hairpin RNA expression vector pLentiLox3. 7 For in vivo neuronal silencing of Caspr1, we generated AAV, namely AAVrh10 (58), which have neuronal tropism (59) . Thus, the complementary pair of oligonucleotides targeting both rat and mouse Caspr1 mRNA (see above) was annealed and ligated into the expression vector pAAVrh10-shRNA-RSV-GFP. The shScramble (5 -CCTAAGGTTAAGTCGCCCTCG-3 ) oligonucleotide was used as irrelevant control for AAV infection. Highly purified pAAVrh10 shCaspr1-RSV-GFP and pAAVrh10 shScramble-RSV-GFP (6.7 × 10 12 and 7.6 × 10 12 gc/mL, respectively) were produced and titrated by the Viral Vector Production Unit from the Autonomous University of Barcelona.
Primary rat hippocampal neurons and intracellular Ca 2+ determinations
Rat primary hippocampal neurons were cultured from 0-to 3-day-old (i.e. PO-P3) rats as previously described (60) . Briefly, after dissection, the hippocampi were treated with 1.25% trypsin for 10 min (Sigma-Aldrich) and mechanically dissociated with a flame polished Pasteur pipette. Neurons were plated onto poly-D-lysine-coated (0.1 mg/mL) in minimum essential medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% horse serum, 10% bovine serum, 1 mM pyruvic acid and 0.59% glucose at a density of 80 000 cells/cm 2 on a 96-well plate for Ca 2+ determinations. After 4-14 h, the medium was replaced by Neurobasal medium supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), 0.59% glucose and B27 supplement (Invitrogen). Neurons were kept at 37 • C in an atmosphere with 5% CO 2 , and 95% humidity for 15 days before the experiments. Cytosine arabinoside 5 μM (AraC, Sigma-Aldrich) was added after 3 days in vitro (DIV) to prevent glial proliferation. Caspr1 downregulation was induced by shCaspr1 lentiviral infection at DIV7. The neuronal lentiviral infection efficiency was of 60-80% as determined by EGFP fluorescence detection. 
Radial arm maze test
To assess working and reference memory in mice we used the eight-arm radial maze (Panlab, Barcelona, Spain) as previously described (61) . The maze was situated in the middle of a room with moderate luminosity (100 lux). Two different extra-maze black visual cues to aid in spatial localization were affixed to the room walls: (i) a black cross (30 × 20 cm with the arms of the cross having a diameter of 10 cm) in one of the white walls and (ii) a black rectangle (50 × 70 cm) in the opposite wall. These cues remained constant throughout the study. Animals were recorded with a video camera interfaced to a computer situated outside the experimental room. Nine-week-old C57BL6 mice administered either with Caspr1 or shScramble AAVs in the hippocampus were used in the radial arm maze after food restriction (see above) and maintained with restricted access to food until the end of the test. On training day 4, arms were baited with a single food pellet (Choco-Krispies, Kellogg's). This constellation remained constant throughout the 9 days of training. The trial was initiated by placing the animal on the central platform.
The entry into either a non-baited or baited arm but without touching the food pellet was scored as reference memory error. Re-entry into a baited arm from which the food pellet had already been retrieved, or re-entry into a non-baited arm was scored as a working memory error. While the reference memory error is a measure of long-term memory, the working memory error is a measure of short-term memory, as previously described (62) . At the end of each trial the maze was cleaned. To avoid the use of intra-maze cues (odor trails etc.) the maze was rotated by 45 degrees after each training day.
NOR test
We assessed the recognition memory in mice by means of the NOR test (27) . Mice were habituated in an empty NOR arena (25 cm long, 25 cm wide and 50 cm high) for 10 min and spontaneous locomotor activity was recorded. On day 2, animals were administered vehicle or 10 mg/kg of VU0409551 30 min before being placed into the NOR arena containing two identical objects (two 100 mL blue bottles). Following a 10-min exposure period, mice were placed back into their home cages, and 24 h later, they returned to the arena in which one of the previously exposed (familiar) objects was replaced by a novel object (a familiar and a novel one, i.e. the 100 mL blue bottle and a 50 mL green tube). The mice were video recorded for 10 min while they explored the objects. The time spent exploring each object was scored. Object exploration was defined as the orientation of the nose to the object at a distance ≤ 2 cm, touching with forepaws or nose, sniffing and biting the objects, but climbing on the objects was not considered. The recognition index was calculated as [(time spent exploring novel object) − (time spent exploring familiar object)] / total time exploring objects, as previously done (27) .
Statistical analysis
Data are represented as means ± standard error of mean (SEM). The number of samples/animals (n) in each experimental condition is indicated in the legend to the figures. Comparisons among experimental groups were performed by the Student t-test or by two-way ANOVA followed by Bonferroni's post-hoc test using GraphPad Prism 6.01 (San Diego, CA, USA), as indicated. Statistical difference was accepted when P-value < 0.05.
